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The purpose of this study was to propose a new numerical modeling of the glass fiber cloth reinforced denture base resin (GFRP).
The proposed model is constructed with an isotropic shell, beam and orthotropic shell elements representing the outmost resin, interlaminar resin and glass fiber cloth, respectively.
The proposed model was applied to the failure progress analysis under three-point bending conditions, the validity of the numerical model was checked through comparisons with experimental results. The failure progress behaviors involving the local failures, such as interlaminar delamination and resin failure, could be simulated using the numerical model for analyzing the failure progress of GFRP. It is concluded that the model was effective for the failure progress analysis of GFRP.
INTRODUCTION
Polymethylmethacrylate has been adapted for denture base resin for over fifty years in the dental field, because of its superior handling, good durability, good color tone and excellent mechanical properties.
However, various practical problems concerning denture bases that had been damaged for long time have been reported by clinical experiments1). Further, the patient feels discomfort due to the thickness of the denture base when attaching a denture base. Therefore, studies on maintaining the mechanical properties of denture bases but with reduction of denture thickness are required. The reinforcement method of the denture base using glass fiber cloth (GF) is one of the countermeasures answering the request.
In general, GF have been extensively used as structural materials in various industrial fields2) such as sport, leisure and spacecraft where the high specific stiffness and strength are required. On the other hand, there are several studies on applications of GF in denture bases3-7). These results suggest that glass fiber cloth reinforced denture base resin (GFRP) has higher mechanical properties than common denture base resins (PM). In general, composite materials such as GFRP are defined as materials fabricated by the combination of where Vf denotes the fiber volume fraction and t0 is the thickness of each layer, as shown in Fig. 2 (a) . These shell elements are connected with beam elements in the thickness direction in order to express interlaminar resin. These beam elements have various cross-sectional areas depending on their positions, the sum of the crosssectional areas in one interlamina was set to be the same as the whole laminate area. Figure 3 shows the modeling method of the test specimen used, GFRP. The difference between Fig. 3 and the quasi-three-dimensional model (Fig. 2) is the consideration of the outmost resin layers. In Fig. 2 , the outmost layers were ignored. In Fig. 3 , however, the outmost PM layers have large thickness. This suggests that the in-plane stress components caused in these layers cannot be ignored. To calculate these stress components, the outmost PM layers are modeled by isotropic shell elements. Namely, GFRP is assumed to be a laminated structure with the outmost PM, interlaminar PM and GF, which are independently represented by an isotropic shell, beam and orthotropic shell element, respectively.
As mentioned above all the shell elements are connected with beam elements in the thickness direction as shown in Fig. 3 .
This modeling method can consider the heterogeneity of the used materials. This finding is a great advantage in the prediction of non-linear bending behavior, because failures of each type of element correspond to representative local failures. Three point bending simulation by FEM Figure 4 shows the finite element model of the GFRP. The overall length of the model is 40mm, width is 5mm and the thickness is 1.9mm.
Here, x-, y-and zdirections show the longitudinal, width and thickness directions, respectively. For GF, warp and weft are x and y directions, respectively. The numbers of the shell elements, beam elements, and nodes are 80, 108, and 189, respectively. The PM shell elements have a thickness of 0.63mm, this is equal to the thickness of the outermost PM layers. The GF shell elements have a constant thickness of 0.0948mm. This is derived from Egn.1 and Vf=0.4319). The PM beam elements have a constant 0.2mm thickness. This length is equivalent to the thickness of one GF layer. Since the GF shell is always placed on the neutral surface in the GF layers. Three point bending simulation using FEM was performed using the ADINA system on EWS (HP715/50, Hewlett Packard Inc.). The load condition was that the nodal forces were applied at the center on the top surface, and the load increment method15,20) of about 14 steps was used. The load increment value was set to 4.9N. In every step, the normal and shear stress components produced in all elements are calculated. Some kinds of local failures can be observed until the final failure in case where the composite structures are loaded. Interlaminar delamination, transverse cracking and fiber breakage are representative and the effects of these local failures are quite different.
Moreover, the failure of the outermost PM layer modeled by the shell element must also be predicted. In this simulation, the following three types of local failures, failures of PM shell, PM beam and GF shell elements are considered.
The failure of the outermost PM layer is represented by the yielding of PM shell element. An onset of the interlaminar delamination is represented by the yielding of the PM beam element. Von-mises criterion21) is applied to the judgment of these. This simplification which is equivalent to the maximum stress criterion and means that the GF shell element failure corresponds to the fiber breaking. After GF shell element failure, the elastic modulus EL is reduced to EL/100. The reduction means the interrupt of stress transmission in the longitudinal direction.
The material constants used are listed in Table 1 . The process for analyzing the failure progress was summarized in Fig. 5 .
RESULTS
Experimental method Typical stress-deflection curves of the three types of specimens tested are shown in Fig. 6 . It was confirmed that all types of specimens had a linear stress-deflection relation in the range of small deflections.
The curve obtained from the GF straightly increased with an approximate constant modulus, and then reached final failure. On the other hand, a typical elastic-plastic behavior was obtained from the PM. For the above-mentioned GF and PM, the bending stress reached failure without rising or falling, whereas the curve of the GFRP had several failure points.
It was clear that there were several kinds of local failure modes in GFRP.
The failure strength F and bending modulus E were calculated from the following formula: 
E=(1/4)(L3/bh3)k (6) where Pmax is the maximum load, L is span length, b is width of specimen, h is thickness of specimen and k is the slope at the initial stage in the load-deflection curve.
The experimental results of the bending properties which were obtained in the method described above are summarized in Table 2 . The experimental results were the average of three measurements.
Analytical method Figure 7 shows the relation between the bending stress and deflection obtained from the numerical simulation for GFRP. The reasonable agreements are evidence of load- Table 2 Bending properties of three type specimens Figure 8 shows the analytical failure progress of the GFRP obtained from the numerical simulation.
In this Figure, bold red lines indicate the yielded beam elements and hatched green areas represent the failed shell elements. It appeared that the failure started at the outermost PM layer of the lamina as shown in Fig. 8 (a) . Then the PM beam element yielding spreads in the GF/GF interlamina with increasing bending stress. The first, second and final analytical failures are defined to be onset of PM shell failure, PM beam failure and maximum stress obtained, respectively. The first, second and final analytical failure stresses were 85.5MPa, 97.7MPa and 122.2MPa, respectively. The analytical bending properties of the GFRP are summarized in Table 3 , with the experimental results. The good agreements were obtained for failure strength and bending modulus.
DISCUSSION
The composite materials such as GFRP used in this study are heterogeneous materials composed of reinforced fiber and matrix resin. The composite materials can produce an excellent function by the interaction of the reinforcement fiber and the matrix resin.
On the other hand, the failure progress behaviors of the composite materials is very complex compared with typical homogeneous materials24).
Since the failure progress usually implies various local failure modes such as interlaminar delamination25,26), transverse cracks27,28) and interfacial failure29) between the fiber and matrix.
For the prediction of the above failure progress behaviors, the FEM is the most common and powerful method. Numerical models of the composite materials used in the conventional simulations can be classified into the following, plane strain elements30), shell elemets31,32) and three-dimensional solid elements33,34). For homogeneous materials, as noted earlier, a number of analytical models are available but not they are adequate to the above heterogeneous composite materials15,35) Therefore, some models concerned with composite materials have been proposed36-38). Abd-EI-Naby et al. 35) showed that the analysis of certain quasi-three dimensional problems about laminated composites can be performed using the general purpose finite element package. Hashagen et al. 39 ) proposed a numerical model the so called solid-like shell elements for fiber us spelling throughout metal laminated composites.
In the present study, we applied the quasi-three-dimensional model (Fig. 2)15-17) for the GFRP, to predict the failure progress behaviors.
The numerical modeling for GFRP was performed by combining the elements constructed independently for GF and PM (Fig. 3) . The shell element is also connected to the beam element through the thickness. To check the validity of the numerical model of the GFRP, three point bending tests were performed experimentally.
As experimental results, a significant difference in the bending properties was observed from the comparison between GFRP and PM (Fig. 6) . The bending modulus of GFRP was significantly larger than that of PM. Shimozato et al.4o, 41) reported that the carbon fiber reinforced denture base resins showed improved bending strength by 25% and tensile strength by 50%. Fukuda et al. 42, 43) reported that the palatal area of carbon fiber and aramid fiber cloth reinforced denture bases exhibited about 50% and 40% thinning, respectively, compared with commercial denture base resin, but the stiffness and the strength of carbon fiber or aramid fiber reinforced denture bases were nevertheless similar to those of commercial resin denture base. However, these types of experimental research are inefficient, laborious, tedious, expensive and probably unsuccessful.
The present study investigated the bending failure progress behaviors of GFRP from both the analytical and experimental viewpoints (Fig. 7) . Several kinds of failures appear in GFRP with an increasing flexural load. The first analytical failure stress is in accordance with the experimental positions of the knee-point as shown in Fig. 7 . We decided that the outermost PM failure appears at the first experimental failure stress level, because the first analytical failure was represented by the shell element failure in the outermost PM near the loading point ( Fig. 8 (a) ). Then, we must consider that the redistribution of the stress field in the GFRP was caused by this failure44). Accordingly, after the bending stress reached the first analytical failure stress, we continued the analysis by reducing the elastic modulus to the Ef (Fig. 5)1 With further increases in the flexural load, the yielding of the beam element, which corresponded to interlaminar delamination, spread in both the longitudinal and width directions.
The GFRP used in this study showed results approximately similar to those of previous studies45,46). At this level, the maximum loading was obtained. Namely, at the next load step of Fig. 8 (c) , no analytical result was obtained due to the divergence.
As mentioned above, the proposed model is a simplified numerical model. This suggests that the model has some fatal issues. For example this model cannot predict the volume constant and compressive modulus in the thickness direction. However, these issues have been not important parameters for practical designs. Judging from the described results and those of previous studies15-17,19), it was confirmed that the proposed model, which considered the heterogeneity, had many advantages for the prediction of important design properties. As a consequence of modeling the fiber matrix separately, such as the numerical model of GFRP, it was confirmed that the different failure phenomena, such as interlaminar delamination and resin failure, can be simulated at the same time.
CONCLUSIO
To analyze the bending failure progress of the GFRP, the numerical model was proposed. The proposed numerical model constructed with an isotropic shell, beam and orthotropic shell elements that correspond to the outermost PM, interlaminar PM and GF, was developed in this study. It was confirmed that the failure progress behaviors involving the local failures, such as interlaminar delamination and resin failure, could be simulated using the numerical model for analyzing the failure progress of GFRP.
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